We investigate the recombination dynamics of photoexcited carriers in proton-bombarded InP crystals using near-infrared pump-THz-probe spectroscopy. The carrier lifetime is directly related to the proton dose and hence to the induced trap density: In weakly damaged samples we observe a saturation of the trap states for high-excitation densities. For highly damaged samples the time-dependent THz transmission can be explained by taking into account an Auger-assisted trapping process.
The recombination dynamics of photoexcited carriers in semiconductors have been a major research topic over the past decade. 1 With the development of coherent, ultrashort THz sources these experiments have been extended into the far-infrared regime. [2] [3] [4] The characteristics of the trapping and recombination processes in semiconductors with ultrashort carrier lifetimes, such as proton-bombarded InP, are important technologically since recombination bottlenecks from trap states may limit the maximum frequency at which devices made from these materials can operate.
In this paper we report on time-resolved measurements to study the carrier-recombination processes in protonbombarded InP using, for the first time to our knowledge, THz-transmission spectroscopy. Owing to the lack of efficient THz sources, the recombination dynamics of semiconductors with ultrashort carrier lifetimes have been studied in the past mostly with optical pump-probe techniques. 1 Unfortunately, these experiments are influenced by the optical probe beam, which leads, for example, to additional photoinduced absorption effects. In addition, an optical probe is sensitive to the joint density of electron and holes, and thus the dynamics of electrons can be hidden. THz radiation, on the other hand, far away from resonances interacts exclusively with free carriers in a semiconductor. Our experimental technique is sensitive to the conductivity that is dominated by the electron contribution. This is obvious from the fact that the electron mobility is more than one order larger than the hole mobility. 5 Hence THz-transmission spectroscopy makes it possible to determine the lifetime of photoexcited electrons in semiconductors without the disadvantages of all-optical techniques.
The samples used in the experiment are 0.3 mm thick, semi-insulating (100) InP wafers that have been irradiated with 200-keV protons, producing a broad damage profile with a maximum of lattice vacancies at a distance of 1.5 m below the surface. The ion doses, , range from 1 ϫ 10 13 to 5 ϫ 10 15 H ϩ /cm 2 . The crystallinity, also for the highest-damage doses, has been verified by spectral photoconductivity measurements, which show no significant change of the bandgap energy. 6 The source of optical pulses in the experiment is a 76-MHz self-mode-locked Ti:sapphire laser with a pulse duration of 80 fs at a center wavelength between 810 and 885 nm. The output was split into two beams. One beam at 600 mW was used to excite the bombarded InP sample at an angle of 45°to the sample surface. The second beam was used to generate the THz probe pulses by optical rectification of femtosecond laser pulses in the highly nonlinear organic crystal 4-dimethylamino-Nmethyl-4-stilbazolium tosylate 7 with an average power of ϳ100 nW. 8 Because the conversion efficiency is proportional to the peak intensity of the laser pulses, an external prism stage was used to precompensate for the groupvelocity dispersion induced by optical components in the beam path, particularly by the nonlinear crystal. Therefore the duration of the pump pulse in the second beam path broadened to ϳ150 fs.
The spectrum of the generated THz radiation was centered at 3 THz and had a width of ϳ3 THz. 8 The emitted THz pulses were collected and focused with two off-axis parabolic mirrors onto the InP sample, and the transmitted THz radiation was detected with a liquid-He-cooled photoconductive Ge:Ga detector. The time-dependent THz transmission was measured by delaying the optical pump pulse with respect to the THz probe pulse. The whole experimental setup was purged with dry nitrogen gas to prevent absorption of the THz radiation by water vapor.
Figure 1(a) shows the measured differential THz transmission, ⌬T/T, following optical excitation at 810 nm (E Excess ϭ 180 meV) for a sample bombarded with an ion dose of 1 ϫ 10 14 H ϩ /cm 2 and for excitation densities between 2.18 and 8.72 ϫ 10 18 cm Ϫ3 . All the measured transmission curves show an initial decrease after optical excitation that is limited by our time resolution of ϳ300 fs. This decrease is consistent with an increase in the free-carrier density that leads to an enhanced Drude conductivity. The increase of the THz transmission after optical excitation is directly correlated to the lifetime of the photoexcited carriers. Since the effective mass of the electrons in the conduction band is much smaller than that of the holes in the valence band, the electrons are the main contribution to the Drude conductivity. The data in Fig. 1(a) clearly show a decrease in the electron lifetimes for decreasing excitation densities. Because the damage of this sample is relatively low, we can explain this behavior by saturation of the trap states. Figure 1(b) shows the measured differential THz transmission following optical excitation at 810 nm (E Excess ϭ 180 meV) for a sample bombarded with an ion dose of 5 ϫ 10 15 H ϩ /cm 2 and for excitation densities between 6.54 ϫ 10 18 cm Ϫ3 and 1.09 ϫ 10 19 cm Ϫ3 . Owing to the high damage of the sample, the electron lifetime is dramatically reduced, and we no longer see any saturation effects of the trap states. However, the most important result is that now the recombination time of the electrons increases with decreasing excitation density, which is opposite to that observed for the sample bombarded with 1 ϫ 10 14 H ϩ /cm 2 . In particular, the observed steepening in the rise of the transmission curves after the initial sharp drop for high-excitation densities could be modeled theoretically only by taking into account an additional Auger-assisted trapping process of the electrons.
A simple rate-equation model, pictured schematically in Fig. 2 , is used to reproduce the measured signal for the InP samples. The normalized rate equations are as follows:
In these equations, g(t) is the electron-generation term (representing the pump pulse), N 0 ϭ ͐ Ϫϱ ϩϱ g(t)dt is the initial carrier density, f C is the fraction of electrons injected in the conduction band, f T is the fraction of traps that are occupied, and f V is the fraction of holes injected in the valence band. N t is the density of trap states, and ␥ CV , ␥ CT , and ␥ TV are the coefficients for the decay rates for the electrons in the conduction band and in the trapping states. The ␣ coefficient is related to the Auger-assisted trapping process. It should be noted that we can investigate only the recombination processes, so effects such as carrier cooling do not have to be considered. Furthermore, THz-transmission spectroscopy allows us to determine the number of electrons in the conduction band but does not provide any information of the trapped electrons; they may either recombine or decay to another trap state.
The dashed curves in Fig. 3 are simple exponential fits to the data. From these fits we deduce lifetimes se that are different for different excitation intensities. Thus it is impossible to use this analysis for obtaining a material parameter since it depends on the experimental conditions. The solid curves in Fig. 3 are the fits to the data of Fig. 1(b) using Eqs. (1)- (3) . With these rate equations we were able to fit the experimental data of the highly damaged sample with the same parameters, changing only the excitation density. We determined the coefficients of the rate equations as ␥ CV ϭ 4.6 ϫ 10 Ϫ10 cm 3 s Ϫ1 , ␥ CT ϭ 4.5 ϫ 10 Ϫ8 cm 3 s Ϫ1 , ␥ TV ϭ 1.6 ϫ 10 Ϫ8 cm 3 s Ϫ1 , and ␣ ϭ 4.2 ϫ 10 Ϫ27 cm 6 s Ϫ1 . We tried also to fit the experimental data of the low-damage sample, but we could find no values for the coefficients to fit all the measured transmission curves. Owing to the saturation of the trap states, possible relaxation processes within these states become visible in the transmission curves. This leads to the conclusion that in our theoretical model we have to include the physical processes in the traps such as relaxation and saturation. Therefore more profound research on deep traps is necessary.
In conclusion, we have examined electron-trapping dynamics in proton-bombarded InP samples using an optical-pump-THz-probe experimental setup. Fitting the results with a rate-equation model allows us to determine the coefficients of the rate equation for samples, bombarded with an ion dose of 5 ϫ 10 15 H ϩ /cm 2 . The recombination dynamics can be explained by taking into account an Auger-assisted trapping process. The recombination of electrons for samples bombarded with an ion dose of 1 ϫ 10 14 H ϩ /cm 2 is strongly influenced by saturation and relaxation effects within the trap states, which requires a more complex model.
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